That induction of hypercapnia promptly increases the partial pressure of carbon dioxide in the spinal fluid is well recognized (1) . The severity of the resulting acidosis depends, therefore, upon the extent to which the concentration of bicarbonate rises. Previous studies of spinal fluid bicarbonate concentration during adaptation to hypercapnia have been so brief that determining if a new steady state was achieved has been impossible (2) (3) (4) . In addition, most observations have been carried out under unphysiological conditions which complicated interpretation of the experimental results (2, 3) . There has been, consequently, no satisfactory delineation of the sequential changes in the bicarbonate concentration of the cerebrospinal fluid, nor determination of the relationship between spinal fluid and plasma electrolytes under steady-state conditions.
Our study was undertaken to evaluate the acute and chronic changes in cerebrospinal fluid composition in dogs exposed to 12% carbon dioxide in an environmental chamber. The data demonstrate that under these conditions there is initially a marked dissociation between the rise in the bicarbonate concentration of plasma water and of spinal fluid, but that a new steady state is ultimately achieved that restores the normal ratios between the cerebrospinal fluid and plasma water concentrations of each electrolyte.
Methods
Experiments were performed on 35 dogs weighing between 7.7 and 22.7 kg. Each animal was lightly anesthetized with iv thiopental sodium (average dose, 20 mg per kg). Promptly thereafter 6 to 12 ml of cerebrospinal fluid was gently aspirated from the cisterna * Submitted for publication July 18, 1963; accepted September 12, 1963. Supported in part by grants H-759 and HTS 5309 from the National Heart Institute, U. S. Public Health Service, and the Life Insurance Medical Research Fund. magna, and 25 ml of heparinized blood was removed from the femoral artery. Cisternal punctures yielding grossly bloody fluid were immediately repeated; if clear fluid could not be obtained, the dog was discarded.
Five to 8 days after the control specimens were obtained, the dog was placed in a walk-in environmental chamber containing an atmosphere of approximately 12% carbon dioxide and 21% oxygen. After various periods of exposure, cerebrospinal fluid and arterial blood were again obtained. Each dog was studied on only one occasion, after a single specified interval in the carbon dioxide atmosphere. The 35 animals were divided into the following 5 groups according to duration of exposure to hypercapnia: 1) one-half hour (6 dogs), 2) 3 hours (6 dogs), 3) 8 hours (6 dogs), 4) 24 hours (10 dogs), and 5) 5 days (7 dogs).
All cisternal punctures were performed with the dogs in the postabsorptive state, usually at least 7 hours after eating. Dogs that did not eat spontaneously during the 5 days of exposure to hypercapnia were tube-fed a nutritionally adequate synthetic diet. Dogs that vomited were discarded.
Cerebrospinal fluid and plasma were analyzed for pH, carbon dioxide content, sodium, potassium, and chloride. Each plasma electrolyte value was expressed as milliequivalents per liter of plasma water, taking the water content of plasma to be 93% (5) . Measurements of plasma water in 8 dogs, by the osmometric method of Albrink, Hald, Man, and Peters (6), were in close agreement with this value (i.e., ± 1%). pH was determined at 370 C with a blood-parameter analyzer.' Sodium and potassium were determined by flame photometry using the autoanalyzer. Table I . 4 Permutit, New York, N. Y. 5 Bristol Laboratories, New York, N. Y. and the flow of oxygen was manually regulated to maintain a concentration of approximately 21%. Workers, using full face masks with an appropriate air supply, entered and left the chamber via an airlock. With this technique the dogs could be fed, their cages cleaned, and experiments performed without significantly altering the carbon dioxide tension of their environment. The construction and operation of this chamber will be described in detail elsewhere (8) .
Results
Bicarbonate ion. The mean concentrations of bicarbonate for all experiments are presented in Table I and in Figure 1 . a) Cerebrospinal fluid: The mean concentration of bicarbonate after exposure to 12%o carbon dioxide rose progressively from a control value of 23.5 mEq per L to 34.7 mEq per L at 8 hours. The value at each point during the first 8 hours was significantly greater than the preceding value., Between 8 hours and 5 days there was no further significant change. b) Plasma water: The mean concentration of bicarbonate rose from a control value of 24.2 mEq per L to 30.8 mEq per L at one-half hour (p < 0.001). During the remainder of the first day there was no further significant change. The concentration at 5 days (37.1 mEq per L) was, however, higher than the concentration at 24 hours (p < 0.01). c) Relationship between cerebrospinal fluid and plasma water: The mean control concentrations of bicarbonate in spinal fluid and in plasma water were not significantly different. After one-half hour of hypercapnia, however, the rise in the concentration of bicarbonate was greater in plasma water than in spinal fluid by 4.2 mEq per L (p < 0.01). By 8 hours this difference had disappeared, and at 24 hours the relationship was reversed, concentration in spinal fluid exceeding that in plasma water by 3.2 mEq per L (p < 0.001). At 5 days the concentrations in spinal fluid and plasma water were approximately 13 mEq per L higher than were the control values but were not significantly different from each other.
Because the bicarbonate concentration at 24 hours, but at no other time, was significantly higher in cerebrospinal fluid than in plasma water (taking the water content of plasma to be 93%), 3 additional dogs were studied in the following fashion. Plasma water was determined both by the osmometric method and from plasma protein concentration (6), on both control plasma and on plasma drawn after 24 hours of exposure to hypercapnia. None of these values deviated from the assumed value of 93% by more than 1%.
Plasma bicarbonate was measured after 18, 20, 22, and 24 hours of exposure to carbon dioxide; all of these values were virtually identical. The bicarbonate concentration in cerebrospinal fluid at 24 hours was in each instance higher than in plasma water (average difference, 3 mEq per L). Thus, the finding of a bicarbonate concentration significantly higher in cerebrospinal fluid at 24 hours cannot be attributed either to a decrease in the water content of plasma or to a sudden fall in plasma bicarbonate concentration not yet reflected in cerebrospinal fluid composition.
Carbon dioxide tension and hydrogen ion concentration. The mean concentrations of hydrogen ion and the mean tensions of carbon dioxide for all experiments are shown in Table I Prior to exposure to hypercapnia, the spinal fluid was significantly more acid than the plasma, the mean hydrogen ion concentration gradient being 6 nmoles per L. After one-half hour of hypercapnia, the hydrogen ion concentration gradient had increased to 13 nmoles per L; but by 24 hours, by virtue of the greater bicarbonate increment in cerebrospinal fluid than in plasma water, there was no longer a significant hydrogen ion gradient between the two compartments. At 5 days, however, as in the control state, the concentration of hydrogen in the spinal fluid again exceeded that in plasma by approximately 7 nmoles per L (p < 0.001).
Sodium, potassium, and chloride (Table II) (2, 3) . These latter measures often lead to hypotension or metabolic acidosis, thereby complicating interpretation of the experimental results (2, 3) .
In the present study these difficulties have been circumvented by placing dogs in an environmental chamber containing an atmosphere of 12%o carbon dioxide. This technique has made possible the production of uninterrupted and prolonged hypercapnia without other alteration of the physiologic state. During the first 24 hours of the dogs' exposure to hypercapnia, the bicarbonate concentration in the spinal fluid rose gradually to a value approximately 13 mEq per L higher than that in the control state. Subsequently, i.e., between the first and fifth days of exposure, the bicarbonate concentration showed no further significant change. The concentration of bicarbonate in plasma water rose by only 8.5 mEq per L during the first 24 hours, but after 5 days of exposure it, too, had increased by approximately 13 mEq per L. Thus, when the new steady state had been achieved,8 the normal cerebrospinal fluid to plasma ratio of approximately 1.0 had been restored (Table III) . 8 The possibility cannot be excluded that a further slight rise in the concentration of bicarbonate might have occurred with more prolonged exposure. No hint of any such change is provided, however, either by previous studies of plasma composition during 2 weeks of hypercapnia (9, 10) or by the present finding of a virtually constant bicarbonate concentration in the cerebrospinal fluid between the first and fifth days of exposure. On the basis of recent observations that spinal fluid is electropositive to plasma by 3 mv (11, 12) , it has been proposed that the asymmetric distribution of chloride (but not of other ions) is a passive consequence of the transmembrane potential ( 12) . The physiologic significance of potential measurements carried out between plasma and cerebrospinal fluid is uncertain, however, especially when the magnitude of such potentials is small. On the other hand, if some transmembrane potential governs the passive distribution of chloride or of any of the measured ions, this potential at 5 days could not have differed from control values by more than 1 mv; concentration ratios in the steady state virtually identical to those of the control state would, according to the Nernst equation, require this interpretation.
It is not clear whether this pattern of adaptation to hypercapnia is -unique for the dog or whether it is also applicable to man. Manfredi has recently studied three human volunteers in whom Pco2 was elevated to approximately 60 to 70 mm Hg for 20 minutes and has observed that the rise in plasma bicarbonate concentration was not reflected in the cerebrospinal fluid (4). The brief period of observation makes the evaluation of this finding difficult. On the other hand, a similar discrepancy has been observed in patients with chronic pulmonary disease, the concentration of bicarbonate in plasma in most instances exceeding that in spinal fluid (13) . Whether the plasma bicarbonate concentration in these patients had been stable for a period sufficient to insure a steady-state relationship between the two compartments is unclear. Furthermore, the effects of the associated hypoxia or of a superimposed metabolic acid-base disturbance (14) may have altered a pattern characteristic of a simple hypercapnia. Studies of spinal fluid composition during prolonged hypercapnia in normal man, if these should prove feasible, may serve to clarify this problem.
Summary
Studies have been carried out in 35 dogs exposed to an atmosphere of 12% carbon dioxide in an environmental chamber for periods rang-ing from one-half hour to 5 days. During the first 24 hours of hypercapnia, the bicarbonate concentration in the spinal fluid gradually rose to a value approximately 13 mEq per L higher than that of the control state. No further significant change occurred during the subsequent 4-day period of observation. In plasma water the concentration of bicarbonate also rose by approximately 13 mEq per L, but the new steady state was not achieved so quickly as in spinal fluid. The hydrogen ion concentration in both cerebrospinal fluid and plasma was increased by approximately 15 nmoles per L.
After 5 days of hypercapnia, the chloride concentration in both compartments had decreased by an amount nearly identical to the rise in the concentration of bicarbonate. The concentrations of sodium and potassium were not significantly different from the values present in the control state. Despite the changes in the concentrations of bicarbonate, chloride, and hydrogen ion, the cerebrospinal fluid to plasma ratios of all the measured electrolytes in the new steady state were virtually identical to those present in the control state. This finding would suggest, according to the Nernst equation, that if some potential difference governs the partition of any of the measured ions, then this potential at 5 days was virtually identical to that in the control state.
